We studied the development of the insulin secretion mechanism in the pancreas of fetal (19-and 21-day-old), neonatal (3-day-old), and adult (90-day-old) rats in response to stimulation with 8.3 or 16.7 mM glucose, 30 mM K + , 5 mM theophylline (Theo) and 200 µM carbamylcholine (Cch). No effect of glucose or high K + was observed on the pancreas from 19-day-old fetuses, whereas Theo and Cch significantly increased insulin secretion at this age (82 and 127% above basal levels, respectively). High K + also failed to alter the insulin secretion in the pancreas from 21-day-old fetuses, whereas 8.3 mM and 16.7 mM glucose significantly stimulated insulin release by 41 and 54% above basal levels, respectively. Similar results were obtained with Theo and Cch. A more marked effect of glucose on insulin secretion was observed in the pancreas of 3-day-old rats, reaching 84 and 179% above basal levels with 8.3 mM and 16.7 mM glucose, respectively. At this age, both Theo and Cch increased insulin secretion to close to twotimes basal levels. In islets from adult rats, 8.3 mM and 16.7 mM glucose, Theo, and Cch increased the insulin release by 104, 193, 318 and 396% above basal levels, respectively. These data indicate that pancreatic B-cells from 19-day-old fetuses were already sensitive to stimuli that use either cAMP or IP 3 and DAG as second messengers, but insensitive to stimuli such as glucose and high K + that induce membrane depolarization. The greater effect of glucose on insulin secretion during the neonatal period indicates that this period is crucial for the maturation of the glucose-sensing mechanism in B-cells.
Introduction
Maturation of the insulin release mechanism in mammals occurs during the perinatal period of life. In rodents, the poor secretory response to nutrient secretagogues during the fetal period is rapidly converted to an adult response within a few days after birth (1) . Despite some early controversial data, it is generally accepted that glucose starts to stimulate insulin secretion in the late stages of the gestational period (2-4); in rats, this occurs at precisely 19.5 days of fetal life (5) . The insulin response at this age is monophasic and is not blocked by Ca 2+ antagonists (4) . A clear biphasic pattern of insulin secretion in response to glucose is detected only three days after birth, although at this age the insulin secretion is still well below the adult response (5) .
In adult B-cells, the molecular mechanism underlying glucose-induced insulin secretion involves different steps. First the inhibition of K + efflux through K + ATP channels, which is modulated by glucose metabolism and leads to membrane depolarization. This is followed by an increase in the cytosolic Ca 2+ concentration as a result of membrane depolarization and Ca 2+ influx through L-type Ca 2+ channels (6, 7) . Since K + ATP is already present and operative in fetal B-cells (8) , it has been suggested that the reduced insulin secretion in response to glucose reflects the uncoupling between glucose metabolism and membrane cell depolarization in these cells (9) . This aspect is still a matter of debate (10) (11) (12) . Glucose-stimulated secretion is also modulated by neurotransmitters and hormones involving the phospholipase C and adenylylcyclase pathways (6, 7) .
In the present study we have compared the insulin secretion of fetal, neonatal and adult rat B-cells in response to glucose, K + , theophylline and carbamylcholine. Insulin secretion in response to stimuli that involve membrane cell depolarization (glucose and high K + ) occurred at the end of the fetal period, although the greatest increase in glucose-induced insulin secretion occurred after birth. Theophylline and carbamylcholine, which increase the cAMP and the IP 3 and DAG content of pancreatic islet cells, respectively, potentiated insulin secretion after 19 days of fetal life.
Material and Methods

Animals and pancreatic tissue
Fetal (19-and 21-day-old), neonatal (3-day-old) and adult (90-day-old) rats were used. The fetal ages were determined by counting the days after the presence of sperm was detected in vaginal smears following overnight mating. The pancreas from fetal and neonatal rats was reduced to approximately 0.5 mm 3 by slicing. Isolated islets from adult rats were obtained by collagenase digestion. The rats were killed by decapitation.
Insulin secretion
To study insulin secretion, pancreatic tissue from fetal and neonatal rats (3-4 fragments/group), and adult islets (5/group) were first incubated for 45 min at 37 o C in 0.75 ml of Krebs-bicarbonate buffer of the following composition: 115 mM NaCl, 5 mM KCl, 2.56 mM CaCl 2 , 1 mM MgCl 2 , 24 mM NaHCO 3 , 5.6 mM glucose, supplemented with 3 mg of BSA/ml and equilibrated with a mixture of 95% O 2 -5% CO 2 , pH 7.4. This medium was then replaced with fresh buffer and the fragments and islets were incubated for 1 h in the presence of increasing concentrations of glucose (2.8-16.7 mM). In another series of experiments, the fragments and islets were incubated in the presence of 5.6 mM glucose with the medium also containing 30 mM K + , 5 mM theophylline, or 200 µM carbamylcholine. The insulin content in the supernatant of each sample and the insulin extracted from the fragments and islets at the end of the incubation period were measured by radioimmunoassay as previously described (13), using rat insulin as standard. Since the amount of endocrine pancreas varied considerably between the fragments used, insulin release was expressed as percent of the total fragment or islet insulin content released during a 1-h incubation period.
Data analysis
Data are reported as the means ± SEM of n experiments. The significance of the differences between means was assessed by analysis of variance followed by Dunnett's test when several experimental groups were compared with the control group. The confidence limit for significance was 5%. Insulin secretion induced by K + (30 mM) is illustrated in Figure 2 . There was a progressive increase in insulin secretion with age. However, no difference from basal secretion (5.6 mM glucose) was noticed in the fetal groups exposed to K + . In neonatal and adult pancreas insulin secretion induced by 30 mM K + was 1.4-and 2.0-fold greater than basal secretion, respectively.
Results
In the next series of experiments, we analyzed the effect of the nonspecific phosphodiesterase inhibitor theophylline, that increases the intracellular cAMP content, and carbamylcholine, an agonist that stimulates the formation of IP 3 in 19-and 21-day-old fetuses, 2.6-fold higher in 3-day-old rats and 4-fold higher in adult rats than each respective basal secretion (5.6 mM glucose). In the presence of carbamylcholine the increase in insulin secretion above basal values was 2-and 1.7-fold in 19-and 21-day-old fetuses, 2.9-fold in 3-day-old rats, and 5-fold in adult rats ( Figure 3 ). As observed for supraliminal glucose concentrations and 30 mM K + , the increase in insulin secretion in the presence of theophylline or carbamylcholine was more marked in the pancreas of 3-and 90-day-old rats.
Discussion
In the perinatal period of life, the mechanism of insulin secretion undergoes a decisive phase of functional maturation (1). During this period, insulin secretion in response to nutrient secretagogues is reduced compared to adulthood (5) . In addition, the insulin response to glucose is monophasic and is similar to the pattern observed for insulin secretion during the onset of type 2 diabetes in adult humans. Thus, analysis of the glucose-sensing mechanism in fetal and neonatal islets may contribute to our understanding of the loss of glucose sensitivity associated with type 2 diabetes.
In adult islets, the reduction in K + permeability and the consequent membrane depolarization are important steps in the mechanism of nutrient-induced insulin secretion (6, (14) (15) (16) . The poor secretory response to glucose in fetal and neonatal islets is ascribed to the uncoupling of glucose stimulation and membrane depolarization which results in the opening of an insufficient number of voltage-sensitive Ca 2+ channels and only a marginal increase in cytosolic Ca 2+ (9) . In the present experiments glucose-induced insulin secretion was observed only in the pancreas of 21-day-old fetuses, thus supporting the view that the coupling between glucose metabolism and alterations in membrane potential is not yet fully developed at earlier ages (around 19 days). The observation that high concentrations of K + failed to stimulate insulin secretion in the pancreas of 19-day-old fetuses also indicates that the Bcell plasma membrane is not yet mature enough to undergo sufficient depolarization to provoke the necessary accumulation of cytosolic Ca 2+ seen in neonatal B-cells (17) . Hence, there is no insulin secretion. In addition to the absence of an adequate signal derived from glucose metabolism (9, 12) , the poor secretory response to glucose during fetal development may also be ascribed to a reduced and/or altered behavior of K + ATP channels (18) associated with unresponsive Ca 2+ L-type channels. The latter channels are already present in fetal B-cells, but are not yet sensitive to Ca 2+ -antagonists (4). We measured the membrane potential of neonatal rat islet cells in the presence of depolarizing concentrations of glucose (Boschero AC, Carroll P and Atwater I, unpublished data). Only 3 of 23 cells examined depolarized in the presence of tolbutamide, while none depolarized in the presence of glucose. If one assumes that at least the tolbutamide-sensitive cells were B-cells, it becomes clear that glucose was unable to depolarize neonatal B-cells. Thus, these data, together with those discussed above, indicate that the lack of insulin secretion in response to glucose and high K + concentrations probably reflects the sum of different factors, including insufficient membrane depolarization, reduced entry of Ca 2+ into B-cells, and hence reduced Insulin secretion is modulated by second messengers, including cAMP, IP 3 and DAG. In B-cells, the intracellular levels of these second messengers can be increased by the stimulation of adenylylcyclase and phospholipase C, respectively. It is well established that both of these pathways are important modulators of insulin secretion in fetal, neonatal, and adult islets (10, (19) (20) (21) . In 19-dayold fetuses, theophylline stimulated insulin secretion, thus confirming that this pathway is already operative at this age and that it is fundamental for insulin secretion during fetal life. The phospholipase C-IP 3 -DAG pathway was also found in 19-day-old fetuses as judged by the increase in insulin secretion induced by carbamylcholine. However, the rise in insulin secretion provoked by the muscarinic agonist was more marked in neonatal and adult pancreas. The latter observation may be partly explained by the fact that the α isoform of protein kinase C, which is important for the second phase of insulin secretion, is detected in islet B-cells only after 3 days of life (22) .
In conclusion, the perinatal period of life, which extends from the 21st day of fetal life to three days after birth, is crucial for the maturation of the insulin-secreting mechanism. Initially, insulin secretion is more dependent on the presence of cAMP and can be potentiated by agents that stimulate IP 3 and DAG formation. Subsequently, the adult pattern of insulin secretion involving nutrient metabolism and alterations in K + and Ca 2+ permeabilities becomes established. Finally, the mature biphasic insulin response is completed with the development of amplification systems involving the participation of several protein kinase isoforms, especially protein kinase C α .
